Although mechanoreceptors are known to be sensitive to extracellular Na + and K + concentrations (INa + ] 0 and [K 4 1,,), the ionic sensitivity of baroreceptors as it relates to their function has not been reported. An in vitro aortic arch-aortic nerve preparation has been used to study this problem in normotensive (NTR) and spontaneously hypertensive (SHR) rats. The threshold of the response to pressure is increased and the sensitivity reduced by lowering [Na + J 0 ; an increase in |K*| 0 produces changes in the opposite direction. These changes in ionic environment have no effect upon the pressure-volume relationship of the isolated aortic arch segment so that the effects are upon the baroreceptors themselves. Differences in ionic sensitivity between SHR and NTR baroreceptors were not observed, but the number of receptors compared in this way was small. A proposed model based on conventional membrane electrophysiological theory describes the ionic effects observed in SHR and NTR baroreceptors. The increased threshold and decreased sensitivity of SHR baroreceptors can be accounted for by assuming that their membrane sodium to potassium permeability ratio is reduced and the distensibility of their aortas is not significantly reduced. A mechanism such as this might be involved in acute resetting of baroreceptors. The present results predict sodium-sensitive baroreceptor reflexes, and we have already reported that reductions of as little as 5% in [Na + |u bathing baroreceptors reflexly increase arterial blood pressure and urine output.
CHANGES IN THE concentrations of sodium and potassium ions alter the functioning of mechanoreceptors such as the muscle spindle, 1 crayfish stretch receptor, 2 and Pacinian corpuscle. 3 Information about the effects of alterations in the levels of extracellular Na + and K + on the functioning of cardiovascular baroreceptors should be of great interest because these mechanoreceptors not only regulate blood pressure but also participate in the regulation of body fluid volume. 4 " 7 Surprisingly, such information is lacking, although Matsuura 8 reported that reducing the extracellular sodium in solutions perfusing baroreceptors in the common carotid artery decreased the electrotonic potential elicited by probing the vessel wall with a glass rod. In addition, the recent demonstration of a contribution of an electrogenic sodium pump to the threshold and sensitivity of aortic baroreceptors suggests that changes in salt concentrations should affect baroreceptor function. 9 For these reasons, we examined the effects of alterations of the extracellular sodium and potassium concentrations ([Na + ] 0 and [K + ] o ) upon the pressure-discharge curves of individual arterial baroreceptors. Since abnormalities in salt metabolism have been implicated in hypertension, we compared the results between normotensive (NTR) and spontaneously hyperten-sive (SHR) rats. We found that lowering [Na + ] 0 increases the pressure threshold at which baroreceptor discharge is initiated and reduces the sensitivity of the receptors to further increases in pressure above threshold; increasing [K + ] o has the opposite effects. NTR and SHR baroreceptors are affected similarly by the ionic changes. We have developed a model based upon conventional membrane theory that reproduces these results. The model also can account for resetting and reduced sensitivity of SHR baroreceptors and may explain acute hypertensive resetting. Our results predict ion-sensitive baroreceptor reflexes which have been confirmed experimentally. Thus, reduction in [Na + ] 0 of as little as 5% has pronounced effects upon baroreceptor reflexes.' Oi "
Methods
Experiments were performed on male NTR (Wistar-Kyoto strain, 300-400 g) and SHR (Okamoto-Aoki strain, 250-300 g) 4-6 months old. The preparation and recording techniques have been described in previous reports. 912 ' 13 An important modification introduced in the present experiments is the application of pressure waveforms with a Ling 411 shaker. This device is an electrodynamic transducer which is calibrated so that the displacement of the plunger coupling it to the preparation is a linear function of the current through the solenoid. It permitted us to produce steps and ramps over wide ranges of pressure, a feature which greatly increased experimental efficiency.
SOLUTIONS
The composition of the control and test solutions are shown in Table 1 . Osmolality was maintained at 310 mOsm in all but the 50% Na + solutions. In these solutions In addition to the Na + , K + , and Cl" concentrations listed, Ca 2+ , 1.1 mM; Mg 2 *, 1.2 mM; HCO3", 25 mM; H2P<V, 1.2 mM; SCV", 1.2 mM; dextrose, 5.5 mM were present in the control and all test solutions. the measured osmotic pressure was increased by 3-4%. All solutions were saturated with 95% O 2 and 5% CO 2 and pH was adjusted to 7.4.
EXPERIMENTAL DESIGN
We tested each receptor using the same pressure ramp in a sequence of control, test, and control solutions. Ramps ranging from 4 to 20 mm Hg/sec at repetition rates of 0.02 to 0.1 Hz were used. Threshold was defined as the pressure at which the first impulse occurred. An index of sensitivity was calculated from the slope of the initial portion of the instantaneous frequency-pressure curves obtained in the different solutions using the same ramp ( Fig. 4) . A straight line was fitted by eye to the frequency points extending from threshold pressure to 60 mm Hg above this pressure. Data were compared only when the control values were within 1-2% of each other and statistical significance was determined by paired Mest.
One-third of the receptors was examined using pressure steps. Steady state threshold and pressure-response curves were determined as described previously. 12
Results
Thirteen single NTR baroreceptors and 16 single SHR baroreceptors were stimulated with pressure ramps. Four of the NTR receptors and six of the SHR receptors were also stimulated with pressure steps. They gave responses similar to those of a much larger group also tested with pressure steps. 12 The threshold step pressures for steady state discharge were 91 ± 6 and 116 ± 8 mm Hg for NTR and SHR baroreceptors, respectively. A regular discharge pattern was always observed. This is characteristic of baroreceptors with myelinated axons and occurs in less than 20% of receptors with unmyelinated axons. 13 Taking this together with the fact that, in a nondeterminate sampling of the aortic nerve, myelinated fibers (because of their size) are most often selected, it is reasonable to assume that most of the recordings were made from myelinated axons; conduction velocities, however, were not measured. As we shall demonstrate subsequently, the test solutions did not distinguish between NTR and SHR baroreceptors so that the ionic actions may be conveniently considered together.
When [Na + ] 0 was halved, the steady state pressure threshold, P M , was increased and the steady state dis- charge, f^, elicited by comparable suprathreshold pressures was reduced ( Fig. 1 ). These results were obtained within 2-5 minutes of exposure to the test solution and were followed by complete recovery 5 minutes after returning to the control solution. In general, the effects of test and recovery solutions were examined at these times. The response usually was unchanged for up to 10 minutes following introduction of the test solutions but, at longer times, it was reduced further, especially when [Na + ] 0 was decreased by 25-50%. These time constraints limited the usefulness of steady state pressure steps as stimuli.
When [K + ] o was doubled, P^ was reduced and £; S at comparable suprathreshold pressures was increased (Fig.  2 ). The effects of K + were reproducible and completely reversible within the first 2 minutes of exposure to the test solutions, but more prolonged exposure caused spontaneous discharge followed by inactivation and only partial recovery at best. 
FIGURE 3
Comparison of steady state discharge elicited by pressure steps (filled rectangles) with the discharge elicited by a pressure ramp of 5 mm Hglsec (unfilled circles) in the same baroreceplor. The unfilled circles are all of the interspike intervals during the pressure ramp. The filled rectangles are the average steady slate discharge recorded during the 9th to I Oth seconds of a 10-second pressure step. For slow ramps such as this, thresholds and initial parts of the pressure-response curves are similar but, at higher pressures, the ramp-elicited discharge is greater.
USE OF RAMP PRESSURE STIMULI
Time limitations made a complete characterization of the steady state pressure-response curves in the different test solutions impractical. Ramp stimuli were employed, therefore, to facilitate data acquisition. Since we anticipated using a model based upon steady state considerations, it was necessary to determine the relationship between ramp and steady state step data. When slow ramp rates of 4-5 mm Hg/sec, instead of a series of steady state pressure steps, were used to elicit baroreceptor discharges, there was almost no difference between the pressure-response curves at pressures below those producing maximum asymptotic discharge frequencies ( Fig. 3 ). At comparable higher pressures the slow ramps gave greater discharge frequencies. Ramp rates greater than 10 mm Hg/sec gave steeper pressure-response curves. Threshold values using ramp rates that ranged between 4 and 20 mm Hg/sec at repetition rates up to 0.1 Hz were similar. Landgren's results are comparable in this regard. 14 The ramp pressure threshold was 89 ± 4 mm Hg in 14 NTR baroreceptors and 116 ± 9 mm Hg in 12 SHR baroreceptors.
The effects of halving [Na + ] 0 upon the instantaneous frequency curve at a ramp rate of 4 mm Hg/sec are shown in Figure 4 . The pressure-response curve in half [Na + ] 0 test solution is clearly shifted to the right of the curve in the control solution. The discharge frequency at threshold pressure in half [Na + ] 0 is higher than in control. For 2 x [K + ] o the curve is shifted to the left of the control curve.
EFFECTS OF CHANGES IN EXTRACELLULAR Cl (fCI Jo) ON BARORECEPTOR FUNCTION
In three experiments substitution of 94% of the [Cl~] 0 with isethionate had no effect on threshold or sensitivity when measured within 5-10 minutes after changing solutions. More prolonged exposures led to a reduction and eventual loss of response of the receptor to pressure stimuli.
The main results are shown in Table 2 . When [Na + ] 0 was reduced, the increase in threshold was not statistically significant until [Na + ] () was halved. The threshold was increased in } U [Na + ] 0 but the increase was not statistically significant because of the variability in the change in threshold of 6% or less among individual receptors. The initial slope of the pressure-response curves was reduced significantly at 3 Ai [Na + ] 0 ; it was also significantly lowered at V2 [Na + ] 0 . The smaller reduction in the V2 [Na + ] 0 solution was due to the fact that two out of the five baroreceptors in 3 Ai [Na + ] 0 showed inordinately large reductions of initial slope.
Halving [K + ] o increased threshold but the differences were not statistically significant. Increasing [K + ] o to 9 and 12 IHM produced a statistically significant reduction in pressure threshold. Reducing [K + ] o reduced the initial slope of the pressure-response curves and increasing [K + ] n had the opposite effects, but the results were not statistically significant.
COMPARISON OF THE RESPONSES OF NTR AND SHR BARORECEPTORS TO CHANGES IN [Na + J 0 AND [K + ] o
Since we were interested in the possibility that the ionic sensitivities of SHR and NTR baroreceptors might be 280 FIGURE 4 Effects of halving extracellular sodium upon the rampelicited discharge of a baroreceptor. Ramp pressure is the solid line, filled circles are for the control response, and unfilled circles are the response in half sodium. Note the shift in threshold and the reduction in peak discharge in the low (Na + ] 0 solution. (5) -48 ± 15 (5) 19 ± 2* (9) 20 ± 2 (9) -0.35 ± 0.10i (7) -35 ± 9 ( 7 ) 4 ±2 (6) 5 ± 3 (6) -0.14 ± 0.24 (6) -1 ± 12 (6) -5 ± It (5) -6 ± 2 (5) 0.22 ± 0.21 (5) 8 ± 7 (5) AT = change in pressure threshold in the corresponding test solution; %AT = percent change in threshold from control; A slope = change in the initial slope of the pressure-response curve in the corresponding test solution; %A slope = percent change in slope from control. The numbers in parentheses in each column refer to the number of units tested. High K + column includes three receptors exposed to 9-mm K + and two exposed to 12 Table 2 and, again, there were no substantial differences between SHR and NTR baroreceptors.
EFFECTS OF IONIC CHANGES ON THE ISOLATED AORTA
The steady state pressure-volume relationship of the isolated segments of aortas used in these experiments was examined in control and test solutions. The relationship in the control solution was similar to that already reported 9 -12 and it was unchanged in half [Na + ] 0 or double [K + ] o . In addition, when constant pressure ramps were applied from the shaker, the rate of rise of pressure in isolated aortic segments was not changed in any of the test solutions.
INTERPRETATION OF THE EFFECTS OF CHANGES IN [Na + ] 0 AND [K + l 0 ON BARORECEPTORS
The effects of changing [Na + ] 0 and [K + ] o on baroreceptor discharge-pressure curves were anticipated in a qualitative sense from conventional membrane electrophysiological theory. Therefore, we developed a model to determine whether the theory could account for the results quantitatively. A successful model would also be useful in predicting other ionic effects.
The model is based on the electrical equivalent circuit shown in Figure 5 . The circuit is composed of a K + battery, EK, a potassium conductance, gjt, a Na + battery, E Na , and a sodium conductance, g^. At zero pressure the baroreceptor resting potential V M° is dominated by gg and is small. Thus,
When the baroreceptor is distended by pressure, gNa increases linearly. 15 -' 6 For the pressures of interest, P, which extend 200 mm Hg above the pressure threshold for discharge, P^, gNa/gK= A , ( P -P J ,
where A, is a proportionality constant. The new membrane potential, V M , is given by
The depolarization, D, elicited by a pressure of interest, is the generator potential and is the difference between V M and V M°. Therefore,
The generator current, Ig, which flows from the receptor to the spike-initiating zone, is a linear function of D. The steady state nervous discharge, f, s , is in turn a linear function of Ig. 17 where f 0 is the threshold steady state discharge. 12 This equation has a hyperbolic discharge-pressure relationship, as does the experimental pressure-response curve of baroreceptors. 91 l2 Changes in extra-and intracellular activities of Na + and K + will alter baroreceptor discharge through their effects upon the respective equilibrium potentials, E Na and E K . The effects of other ions will be expressed through their action on the conductance ratio, gNa/gK • The effects of vessel wall stress and baroreceptor deformation will act on the conductance ratio through A,.
For the theoretical curves, we used values of E Na and E K given for vertebrate nerve (+50 mV and -9 0 mV, respectively 19 ). The curves were fit to the data using a nonlinear least squares approximation 20 and Equation 6. A 2 was estimated initially by dividing the maximum asymptotic frequency by E Na -E K , and A, was estimated initially from the half-maximal response. 12 The values of A, are an index of gN a /g K . gNa/gK is related to P Na /P K through the constant field equation 2122 and is 4 x P Na /P K for the values of [Na + ] and [K + ] used in these experiments.
The theoretical pressure-discharge curves for one NTR baroreceptor in control and half [Na + ] 0 test solutions and for one SHR baroreceptor in similar solutions are shown in Figure 6 . The values for A,, A 2 , and the other constants in Equation 6 are given in Table 3 . The x 2 method was used to determine the goodness of fit between theory and experiment. The x 2 values and degrees of freedom are also given in Table 3 . The probability is greater than 99.95% that the theoretical and experimental curves are the same. At constant values for A,, the effects of halving [Na + ] 0 were due to reductions in E Na and A 2 . When A, was allowed to vary, A 2 was still reduced. The effects were similar for the NTR and SHR baroreceptors.
The A, value is smaller in the SHR baroreceptor. This was examined further by comparing A t values between two larger samples consisting of 11 NTR and nine SHR baroreceptors. We used the average experimental values for fjs, P, Pss, and f 0 given in Table 1 of the paper by Brown et al. 12 and fitted Equation 6 to them. The relationship between theory and experiment is shown in Figure 7 and the values for the constants are given in Table 3 . SHR baroreceptors have lower A, values, which was also true for the SHR baroreceptor shown in Figure 6 . The A, values for the average experimental results are similar to those found in the individual receptors ( Fig. 6 ; Table 3 ) although this may be coincidental. The x 2 values show that the agreement between theory and experiment is again better than 99.95%.
Discussion

EFFECTS OF CHANGES IN [Na + ] 0 AND [K+] o
Baroreceptor function is clearly changed when [Na + ] 0 is reduced. Pressure threshold is increased and the discharge elicited by suprathreshold pressures is reduced. The changes are similar for NTR and SHR baroreceptors. Significant effects appear when [Na + ] 0 is reduced by 25% but the sample size of baroreceptors studied when [Na + ] 0 was decreased by 12 % probably was not large enough for significant differences to be determined. Since changes of this magnitude in [Na + ] 0 are unlikely to occur physiologically, the functional importance of these observations requires evaluation. Kunze et al. 10 ' " have examined this aspect by studying the effects of varying [Na + ] 0 on carotid sinus reflexes. They found that a reduction as small as 5% of the Na + concentration in the fluid perfusing an isolated carotid sinus increases arterial blood pressure and urine flow significantly. The greater sensitivity of this method probably lies in the fact that all of the baroreceptors from a reflexogenic zone are tested, whereas the sample size in single unit electrophysiological experiments is small and the variability among individual baroreceptors is relatively large. 12 The model we have proposed predicts that changes in [Na + ]i or in the ratio of [Na + ] 0 /[Na + ]i will have equivalent effects to changes in [Na + ] 0 . A 5% increase in [Na + ], from a level of 22 JTIM (calculated from the Nernst potential for Na + of +55 mV) would require an increase of only 1 mM. If [Na + ] 0 were to decrease by 2.5%, or about 4 mM, and [Na + ]! were to increase by about 0.6 mM, the effect would be similar to a 5% change in either the intra-or extracellular compartments. Small changes in [Na + ] 0 are known to occur in man (see Figure 2 of Bartter et al 23 ) and could influence baroreceptor discharge.
Increasing[K + ] 0 had effects opposite to those of reducing [Na + ] 0 . Thus, pressure threshold was reduced significantly and the effects were similar for NTR and SHR baroreceptors. The effects on sensitivity to suprathreshold pressures were not established although the discharge at suprathreshold pressures seemed to increase. Halving [K + ] o appeared to increase pressure threshold but no inferences could be made regarding the effects of this reduction on sensitivity. The number of single fibers examined in the various [K + ] o solutions was too small to establish statistical significance. This is a shortcoming of the electrophysiological approach which has already been referred to.
The effects of reducing [Na + ] 0 are unlikely to be due to Tris ion since this ion is largely impermeant in vertebrate nerve membrane. 24 The osmotic changes produced by the neutral Tris are less than 4% for a 50% reduction in [Na + ] 0 and are unmeasurable for smaller reductions so that they are unlikely to have been of any consequence. Increases in [K + ] o were accompanied by equimolar reductions in [Na + ] 0 . In the present electrophysiological experiments, these reductions in [Na + ] 0 by themselves were without measurable effects. However, any effect they may have had would tend to offset the effects of increased [K + ] o . The ionic changes we have used do not alter the pressure-volume relationship of the aorta so that the effects are due to a direct action upon the baroreceptors.
EVALUATION OF THE MODEL
The model has proven to be useful. It accounts for the effects of changes in [Na + ] 0 and [K + ] o upon baroreceptor discharge and, together with the experimental results, it led to predictions of Na + -sensitive baroreceptor reflexes which were confirmed experimentally. 10 ' " It seems likely that other cardiovascular baroreceptors such as atrial receptors might also be ion-sensitive and reflexes initiated by these receptors may demonstrate this sensitivity.
The essential features are: (1) that the baroreceptor membrane is permeable only to Na + and K + and not to Cl~ which is supported by the fact that isethionate had no effect upon the pressure-discharge relationship, and (2) that pressure distension of the baroreceptors depolarizes them by increasing the ratio of sodium to potassium conductance, gu a /gK. The mechanoelectrical coupling process is not specified. The particular conductance change is not crucial; we used an increase in gu a . A similar mechanism is the basis of a large number of depolarizing receptor potentials in a wide variety of mechanoreceptors . 25~27 The following considerations are also worthy of discussion. The geometry of the receptor has been simplified since the baroreceptors we have considered have a regular discharge and the receptor may be treated as if it were unbranched. We have ignored attenuation of the generator potential by the cable properties of the receptor as well as the effects of the action potentials upon the generator potential. The contribution of the electrogenic Na + pump is small at large depolarizations 12 and was not examined further. In most experiments ramp stimuli were used, but at slow ramp rates the ramp pressure-discharge curves were very similar to the steady state curves. Also, in our experiments, we have not restricted changes in extracellular ionic concentrations to the receptor itself. From a functional point of view, such changes are likely to involve the spike-initiating zone and the axon as well as the receptor.
DIFFERENCES BETWEEN NTR AND SHR BARORECEPTORS
The present experiments indicate that the model parameter A, is greatly reduced for SHR baroreceptors, and it seems worthwhile to examine the implications of this result as they relate to hypertensive resetting. A, is the coefficient relating pressure to receptor conductance and includes wall stress, receptor deformation, and the membrane properties of the receptor. At present the relative contribution of each of these components to resetting is not known with any certainty. We have interpreted our earlier static pressure-volume studies to indicate that aortic distensibility does not differ significantly between SHR and NTR 4-6 months in age, although significant resetting has occurred. 12 However, there is evidence in other types of hypertension which could be interpreted to indicate that aortic distensibility is reduced. Thus in renal hypertensive rats of comparable age, the aortic wall is thicker and elastin and collagen content is increased. 28 Moreover, in renal hypertensive rabbits, resetting is associated with reduced aortic arch distensibility. 29 Currently, we are comparing SHR and NTR aortas with respect to their static and dynamic characteristics, diameters, and wall thickness in order to resolve this problem. We have just completed a study which shows that the dynamic characteristics of baroreceptors from SHR and NTR 4-6 months in age are similar and show no dependence upon mean aortic pressure over a wide range of pressures (Tuley et al.; 30 Brown et al., unpublished observation). This suggests that aortic distensibility and baroreceptor coupling may not be significantly altered in SHR at a time when resetting has occurred. Assuming this to be the case, the lower value for Ai in SHR baroreceptors may be due to membrane changes, namely a reduction in membrane P NE /PK due to changes in permeability to either Na + or K + or both ions. This ratio has not been measured in baroreceptors but it has been reported that K + permeability is increased in another tissue of SHR having an excitable membrane, namely vascular smooth muscle. 31 The membrane hypothesis might also explain acute hypertensive resetting which occurs within 24-48 hours 32 ' 33 and is unlikely to be associated with vessel wall abnormalities. On the other hand, chronic resetting in older rats might be related additionally to alterations in coupling and pathological changes in the vessel walls. 34 
